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Problem area 
Aerospace design studies are 
usually performed in multi-
disciplinary teams. Large teams of 
engineers are involved using several 
different simulation tools, varying 
from in-house developed codes to 
commercial-off-the-shelf tools. At 
the same time the design teams are 
challenged more and more to work 
together in a concurrent way, to 
meet high-tech demands. At this 
stage concepts such as knowledge-
based engineering and product life-
cycle management become useful. 
Design tools and innovative 
methods to effectively utilise these 
tools in a collaborative working 
environment are essential.  
 
Description of work 
This paper describes methods to 
efficiently apply multiple design 
tools in a concurrent engineering 
environment. The methods fit 
within the knowledge-based 
engineering paradigm. They 
represent three different stages and 
are illustrated by applications in the 
field of multidisciplinary design, 
e.g. control and structural 
engineering. 
 
The following examples are 
described: 
 
• automatic model transfer between 
simulation environments with a 
single-step tool, in the field of 
spacecraft control engineering, 
• automation of a tool chain, in the 
field of aircraft engine structural 
design, 
• and repetitive application of that 
tool chain in parametric studies 
for structural design: meta-
modelling and optimisation. 
 
During each of the three stages the 
issues of efficiency, protection of 
proprietary knowledge and usability 
are treated. 
 
Results and conclusions 
This paper demonstrates that the 
application of knowledge-based 
engineering techniques contributes 
to a greater efficiency in the usage 
of software simulation and 
engineering tools by large, 
multidisciplinary and 
internationally collaborating teams 
in both space and aeronautic 
engineering.  
 
Applicability 
The choice between the different 
methods depends on the context of 
the concurrent design problem. 
Together, they have shown to 
improve the response time and 
efficiency of complex engineering 
and design studies. 
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Summary 
This paper describes methods to efficiently apply multiple design tools in a concurrent 
engineering environment. The methods fit in with the knowledge-based engineering paradigm. 
They represent three different stages and are illustrated by applications in the field of 
multidisciplinary design: control and structural engineering. 
 
The following examples are described: 
• automatic model transfer between simulation environments with a single-step tool, in the 
field of spacecraft control engineering, 
• automation of a tool chain, in the field of aircraft engine structural design, and 
• repetitive application of that tool chain in parametric studies for structural design: meta-
modelling and optimisation. 
 
During each of the three stages the issues of efficiency, protection of proprietary knowledge, 
and usability are treated. 
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Abbreviations 
AI Artificial Intelligence 
API Application Programmers Interface 
ATV Automated Transfer Vehicle 
CDF Concurrent Design Facility 
COTS Commercial Off-The-Shelf 
ESA European Space Agency 
ESTEC European Space Research and Technology Centre 
EuroSim European Real-Time Operations Simulator 
KBE Knowledge-Based Engineering 
MOSAIC Model-Oriented Software Automatic Interface Converter 
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SIMSAT Software Infrastructure for the Modeling of SATellites 
SimVis Simulation and Visualisation in Support of Concurrent Engineering 
SMP Simulation Model Portability 
VSRF Virtual Spacecraft Reference Facility 
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1 Introduction 
Aerospace designs are the result of long-term research investments within an internationally 
collaborating community. Design studies are usually performed in multidisciplinary teams. 
Large teams of engineers are involved, distributed over multiple locations. They use several 
different simulation tools, varying from in-house developed codes to commercial-off-the-shelf 
(COTS) tools. At the same time the design teams are challenged to work together in a 
concurrent way. Complications in the collaboration can arise when tools have restricted access 
due to juridical reasons, or when they take a lot of computation time, or if they are just too 
complex to be used by other people than the experts that created them. At this stage the 
application of knowledge-based engineering (KBE) techniques can be useful. Both the design 
tools and innovative methods to effectively use these tools in a collaborative working 
environment have become essential.  
 
The National Aerospace Laboratory NLR has a long tradition in the field of concurrent 
engineering in aerospace design. This paper approaches concurrent design by means of methods 
that fit in with the KBE paradigm. The methods represent three different stages of KBE and are 
illustrated by applications in the field of multidisciplinary design: control and structural 
engineering. In literature several definitions [1,2] are used for the notion ‘knowledge based 
engineering’. They vary from a general definition of identifying, recording and re-using 
engineering knowledge to more detailed explanations of rule-based and object-oriented 
techniques that are part of the technology field Artificial Intelligence (AI). The definition of 
KBE system that is applied in this paper is a system that captures product knowledge and the 
skills of an individual within an engineering domain and that makes the captured expertise 
available to others, within computerised applications. The KBE concept still allows for different 
ways of realisation depending on the application. This paper focuses on three different but 
related examples of KBE implementation that are applicable to a concurrent design 
environment. Starting from a single-step software tool, followed by a sequence of tools in a tool 
chain, and finished with repeated usage of this tool chain, the complexity and the amount of 
knowledge and data that is generated gradually increases. The examples that are treated in the 
remainder of this paper are: 
• automatic model transfer between simulation environments with a single-step tool, in the 
field of computer-aided control engineering, 
• automation of a tool chain, in the field of structural design, and 
• repetitive application of that tool chain in parametric studies for structural design: meta-
modelling and optimisation. 
 
During each of the three stages the issues of efficiency, protection of proprietary knowledge, 
and usability are treated. 
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2 Automatic model transfer 
Aerospace engineers often use mathematical and technical computing software such as 
MATLAB/Simulink as their design environment for simulation models and control algorithms, 
e.g. for spacecraft design. At the same time these algorithms must be tested against a complete 
spacecraft configuration. These tests usually involve many simulation models that originate 
from different modelling environments. One of the challenges is to enable a simulation model 
(source code) to run in any simulation tool, independent of which tool was used for model 
creation. The international simulation community is in the process of defining standards with 
respect to such model portability, e.g. ESA’s Simulation Model Portability (SMP) standard [3]. 
The main concern in the short term is the willingness of tool vendors to make their product 
compliant to such a standard. At the same time, project milestones and deadlines do not allow 
for unnecessary delays due to problems with the integration of models form different origin. It 
is widely recognised that automation of model transfer between COTS tools and standards is 
essential in this field. If done by hand, model transfer from one simulation environment to the 
other is usually a time-consuming process. It also includes the risk that errors are created when 
editing the model source code.  
 
At NLR, the knowledge and experience of engineers about exporting code from a 
MATLAB/Simulink model, adjusting it to a real-time simulation, or making it compliant to a 
simulation standard, was captured and implemented in the tool MOSAIC (Model-Oriented 
Software Automatic Interface Converter)[5]. The design of MOSAIC is based on the philosophy 
that model changes, model decomposition and model segmentation should be done in the 
originating design environment, e.g. MATLAB/Simulink. After exporting the model code with 
the Real-Time Workshop of MATLAB/Simulink, MOSAIC treats the model as a black-box and 
adds interfacing code to it. Therefore MOSAIC does not in any way affect the mathematical 
logic of a model. The automatic model transfer tool MOSAIC has already been applied 
successfully in the European space industry to reduce time and costs. Examples of MOSAIC 
applications include the Herschel-Planck project, Automated Transfer Vehicle (ATV) and 
Virtual Spacecraft Reference Facility (VSRF).  
 
Recently, MOSAIC was extended [6] to support the latest developments on model portability in 
the form of the SMP2 standard [3], the successor of SMP (SMP1). The purpose of both 
standards is to promote re-use and portability of models. SMP2 is a new standard which adopts 
advanced programming techniques. It has a much wider scope than SMP1, covering model 
specification, development, simulator integration, and scheduling. Typically, to make a 
simulation model SMP2 compliant is a complex job which requires detailed knowledge of the 
standard which may not always be within the scope of the aerospace engineer. Therefore, the 
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way of working with the SMP2 standard demands adequate tool support. MOSAIC 
automatically produces SMP2 compliant code from an exported MATLAB/Simulink model, 
allowing for simulation with the tools EuroSim or SIMSAT. In particular, MOSAIC supports 
the concurrent engineering environment SimVis [4] as SMP2 compliant modelling and 
simulation tool in ESA’s Concurrent Design Facility. It is now possible to automatically transfer 
complex (sub-)system models (e.g. a sensor model) from MATLAB/Simulink to SimVis and to 
integrate these models into the existing spacecraft architecture, for a concurrent design analysis. 
The models are updated easily by repeating the same transfer process. At the same time one can 
automatically transfer the MATLAB/Simulink system model to a hardware test environment for 
a dedicated (hard) real-time sub-system simulation. This takes the knowledge-based and 
concurrent engineering approach to the next stages: testing and operation. All these model 
transfer directions are collected and maintained within MOSAIC, giving it a place in the in the 
field of knowledge-based engineering (fig.1).  
 
Fig.1. Model transfer with MOSAIC in a single-step from the development environment to the 
real-time simulation environment, for concurrent design of spacecraft systems, e.g. at ESA’s 
CDF (Photo and spacecraft picture: ESA). 
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3 Design tool chain 
The previous section focused on the capturing of engineering knowledge into one single tool. In 
aeronautic design engineers are commonly faced with a large and heterogeneous set of tools, to 
perform simulations (or to play their part in integrated simulations) as well as to collaborate 
with other engineers. Tools are typically developed in-house, by partners or are COTS. They 
usually involve specific hardware, software platforms (operating systems as well as related 
software), specific input and output data formats, special ways of starting and operation and 
remote usage. In practice, engineers use series, or chains, of tools according to well-defined 
process schemes. During design, such chains are used repetitively, e.g. in parameterised 
modelling and in optimisation. Traditionally, engineers deal with the diverse features of a tool 
and the chaining of tools by hand or with self-written command scripts. This gives rise to 
overhead, errors and bad reproducibility and traceability. Also, if an expert leaves business, 
knowledge on tool-usage disappears in addition to the engineering knowledge. NLR develops 
collaborative engineering working environments that support engineers in using their tools in 
formalised design cases [7]. The way of working with respect to the application of design-tools 
of aerospace engineers is “captured” in order to effectively apply KBE techniques to assist them 
by supporting and automating the application of software tools. This way the engineers can 
concentrate on the actual design jobs. In particular, the way in which engineers use particular 
tools is formalised using the notion of “tool chains”. A tool chain defines a sequence or even 
graph of tools, input parameters, and data exchanged among the tools. Hence it enables 
preservation and facilitates re-use of the knowledge on tool usage. An expert generally defines a 
chain for a particular design process. The chain may be easily used – either stand-alone or 
embedded in a larger chain (see fig.2) – by other engineers. Tool chains define well-organised 
processes [7] which may be automated and easily repeated, possibly with different input. This 
allows for parametric studies during the design. 
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Fig.2. Example of graphics enabled tool chaining and tool wrapping with SPINEware. Legacy 
tools are encapsulated into a uniform tool object. The tools are chained together with objects for 
data storage. To hide complexity, hierarchical tool chains can be made. 
 
Legacy design tools are integrated in tool chains using a wrapping technique, see fig.2. Tool 
wrapping – or encapsulation – makes it possible to integrate a tool without the need to have the 
tool’s source code or specific tool libraries available. The tool as-is is encapsulated with a thin 
layer of code – the tool wrapper – that deals with manipulation of the tool’s inputs and outputs, 
options, and execution. The wrapper turns any legacy software tool, whether home brew or 
COTS, into a uniform and easy-to-use tool that can be easily linked with other tools into a tool 
chain. The development technology of the collaborative engineering environments is based on 
the NLR middleware tool SPINEware [8,9]. Through its application of state-of-the-art web 
technologies, the environment facilitates concurrent and remote access to applications over a 
network, interactively as well as in embedded mode. Interactive access is provided through a 
graphical user interface, which may vary from a generic interface for tool and tool chain 
execution to a specialised, user-tailored user interface. Embedded access enables other 
applications, such as an engineer’s own desk-top applications, to apply tools and tool chains 
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available from the collaborative engineering environment, without explicit intervention from the 
user. 
 
An example tool chain in the field of structural design is shown in fig.3. The tool chain defines 
the use of, and controls the execution of, calculation of the predicted life of a turbine disc of an 
aircraft engine given a specific disc cross-section. The turbine disc is part of a High Pressure 
Turbine and is loaded by high temperature due to hot gas flow and centrifugal forces due to the 
attached turbine blades. The disc analysis is reduced to an axially symmetric model. Therefore a 
2D geometry is sufficient. The chain comprises the use of the structural design and analysis 
tools CATIA, Patran, Marc, and a “lifing” tool. The chain is available as stand-alone tool, with 
an engineering-oriented GUI that allows specification of a value for the cross-section and – 
upon execution of the chain – displays the resulting stress distribution and the predicted life. 
The engineer may repetitively specify a different value and examine the results on his own 
screen, without explicitly taking care of starting the applicable tools on the various platforms.  
 
Fig.3. Illustration of a tool chain for complex structural analysis of a turbine disc. The tool chain 
comprises the use of several structural design and analysis tools CATIA, Patran, Marc, and a 
“lifing” tool. All tool integration details are hidden. Users can focus on the application at hand, in 
this case, design of a turbine disc. 
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The same chain is also available through an API (via Web Service technology) as component in 
a larger tool chain that supports whole-engine simulation and optimisation. For this application, 
distributed simulation technology is used by means of SPINEware. In aerospace industry, the 
subsystems are typically developed at different divisions or even by different, usually 
geographically dispersed partners. In order to simulate the system as a whole (e.g. for 
concurrent design), the parties involved need to collaborate closely, and subsystem simulations 
need to be integrated, either on a single site or on multiple sites. Integrated simulation on a 
single site requires all subsystem models (software and data) to be installed on a single site. This 
leads to replication and extra verification and maintenance of the models. Also, additional 
specific computers, operating systems and software tools may have to be installed at the single 
central site to be able to use the subsystem models. In addition, extra, usually costly juridical 
measures need to be taken if an external party wants to protect the intellectual property rights of 
its sub-model, if it is willing to share the model at all. In practice, however, collaborating 
partners are often reluctant to share data and software. Integrated simulation and design on 
multiple sites is facilitated through distributed simulation technology, enabling the subsystem 
simulations (e.g. the tools in a design tool chain) to interact with each other in a controlled way. 
The technology enables possibly geographically dispersed engineers to efficiently collaborate: 
concurrent engineering. Distributed simulation obsoletes the need to reinstall subsystem models 
at a single site, and hence suppresses extra costs for extra hardware, software, verification, 
maintenance. Subsystem models may be developed, verified, maintained, and deployed for use 
in the integrated simulation at an engineer’s own site. This way parties can allow each other to 
use a model, usually in a restricted form, in a particular setting and with a predefined subset of 
model parameters, without granting direct access to the underlying data and software 
implementing the model. In addition, distributed simulation may lead to reduction of simulation 
time, through distribution of the computational load over several computers, e.g., using Grid 
technology.  
 
 
4 Meta modelling and optimisation 
Since aerospace design is a multi-disciplinary process, not all design aspects can be treated by a 
complete system simulation at once. Specific parts of the design require specific methods of 
analysis, e.g. structure analysis using Finite Element Methods. This type of analysis usually 
takes a long calculation time and significant computational effort. It is therefore difficult to 
integrate it into a complete system simulation directly. At this point methods of numerical 
model approximation and data fitting are useful in combination with a well-designed computer 
experiment, so-called meta-modelling [10]. The meta-model summarizes the detailed analysis 
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model, extracting it’s ‘knowledge’ to use it in an integrated simulation or optimisation, e.g. for 
concurrent design. 
 
The design tool chain (fig.3), described in the previous section, can be used repetitively in an 
optimisation loop. Here the optimum disc cross-section with a constraint on the minimal life is 
determined. The optimisation problem can be defined as follows. The design variables are 
independent quantities that are varied in order to achieve the optimum design. State variables 
are used as quantities that constrain the design. For example, the minimum size of the inner 
radius of the disc bore is limited to a certain value. The objective function is the dependent 
variable that is to be minimized. In case of the disc, the mass of the disc is the objective. This 
mass is directly related to the area of the disc which is controlled by the geometry parameters 
X1 and X2 (in mm), see fig.4a. A constraint is placed on the life expectance of the disc since it 
should operate for a minimum number of loading cycles. The number of minimum loading 
cycles is here set to 40000. A loading cycle could be for instance an idle and cruise condition of 
the engine. The predicted life is based on calculated temperature and stresses in the turbine disc.  
 
A small parametric study has been performed in which X1 and X2 are varied between 40 and 60 
mm, with a step of 5 mm. The predicted life in number of loading cycles as function of two of 
the geometry parameters X1 and X2 (in mm) is shown in fig.4b. The area of the disc is minimal 
if the sizing parameters are minimal. From fig.4b one can see that this value will be reached at a 
geometry of X2=40 mm and X1 between 45 and 50 mm, satisfying the minimal life constraint 
of 40.000 cycles. With a numerical approximation of the predicted life data one can find a more 
precise value for X1 (e.g. 46 mm). This value is then verified by re-running the tool chain for 
the approximated optimal design parameters. Following this approach the design optimum is 
found in a more efficient way than finding it by running the tool chain only. Through the 
approximation of the design space, explorations of the design space can be made cost effective. 
Furthermore fig.4b. shows that two distinct areas exist where the constraint for minimum life is 
satisfied. This requires advanced optimisation methods (e.g. genetic algorithms), since not all 
existing optimisers can handle such a constraint behaviour adequately.  
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Fig. 4a. A 2-dimensional geometry lay-out of 
the turbine disc, showing the sizing 
parameters X1 and X2. 
Fig.4b. A 3-dimensional graph of the meta model of the 
predicted life of the turbine disc, the intersections with the 
minimal constraint value of 40.000 cycles are added. The 
minimal (X1, X2), satisfying the constraint, is about (46,40). 
 
In the past years, NLR has built up specific knowledge about sophisticated ways of data fitting, 
design-of-experiment and optimisation in the context of multi-disciplinary design, e.g. 
[10,11,12,13]. Besides the meta-modelling of computationally expensive analyses also 
subsystems with restricted access have been applied. So-called black-box models can be added 
to an integrated system simulation by approximating them with a dataset [12]. The dataset is 
retrieved from parameter studies with the black-box model. The knowledge development about 
meta-modelling is supported by a specific tool called MultiFit [11] for the approximation of 
models with multi-dimensional input and output. The tool facilitates the multi-objective 
optimisation approach in aerospace design [10]. Furthermore the resulting approximation 
models are easily integrated into an efficient simulation of a complete system, since they require 
little computational effort. Following this manner detailed analysis models can be applied in a 
concurrent way.  
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5 Conclusions 
This paper demonstrates that the application of KBE techniques contributes to a greater 
efficiency in the usage of software simulation and engineering tools by large, multidisciplinary 
and internationally collaborating teams of aerospace engineers. Three examples of methods for 
concurrent design, taken from the application areas of control engineering and structural design 
have been described. They illustrate three different levels of KBE. Their common relation is that 
the same goals of increasing efficiency, capture and re-use of knowledge, and collaboration are 
aimed at, while their implementations increase in complexity. Starting from a single-step tool 
for model transfer, followed by a combination of design and analysis tools in a tool-chain and 
finished with multiple iterations of the tool chain with different parameter values for 
optimisation, the complexity and the amount of knowledge and data that is generated gradually 
increased. The choice between the different KBE methods depends on the context of the 
concurrent design problem. Together, they improve the response time and efficiency of complex 
engineering and design studies. 
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